The genome of mouse hepatitis virus (MHV) is a singlestranded, linear, positive-sense, polyadenylated RNA of approximately 31 kb in length (22, 24, 39) . All of the viral proteins are translated from subgenomic mRNAs, except those encoded by the first open reading frame, which are translated from the genome-sized RNA. In MHV-infected cells, six or seven subgenomic mRNAs are transcribed, all of which contain a common leader sequence derived from the 5Ј end of the genome, as well as a common 3Ј end including a 302-to 305-nucleotide (nt)-long untranslated region (3Ј-UTR) (21). When MHV is passaged at a high multiplicity of infection in cell culture, defective-interfering (DI) RNAs which represent deletion mutants of the MHV genome are frequently generated (33, 36). Since DI RNAs can replicate in the presence of a helper virus, they must retain all signals necessary for MHV genome replication.
The genome of mouse hepatitis virus (MHV) is a singlestranded, linear, positive-sense, polyadenylated RNA of approximately 31 kb in length (22, 24, 39) . All of the viral proteins are translated from subgenomic mRNAs, except those encoded by the first open reading frame, which are translated from the genome-sized RNA. In MHV-infected cells, six or seven subgenomic mRNAs are transcribed, all of which contain a common leader sequence derived from the 5Ј end of the genome, as well as a common 3Ј end including a 302-to 305-nucleotide (nt)-long untranslated region (3Ј-UTR) (21) . When MHV is passaged at a high multiplicity of infection in cell culture, defective-interfering (DI) RNAs which represent deletion mutants of the MHV genome are frequently generated (33, 36) . Since DI RNAs can replicate in the presence of a helper virus, they must retain all signals necessary for MHV genome replication.
Comparison of various MHV DI RNAs showed that all retain various lengths of both the 5Ј and 3Ј ends of the viral genome (34, 35, 37, 43) . Mapping studies of MHV DI RNAs have further revealed that 400 to 859 nt from the 5Ј end and 436 nt from the 3Ј end of the genome are required for DI RNA replication (17, 29) . However, only 55 nt from the 3Ј end plus the poly(A) tail are required for synthesis of the negative strand of MHV RNA (30) . Thus, it stands to reason that the replication signal from the 5Ј end and the remaining replication signal (nt 55 to 436) from the 3Ј end of the MHV genome are involved in synthesis of the positive-strand RNA. Moreover, since positive-strand RNA synthesis begins from the 5Ј end of the genome, and the 3Ј end will be the last region of the genome reached by the viral polymerase, the replication signal at the 3Ј end likely interacts with signals at the 5Ј end to exert its effect on RNA synthesis. Based on this reasoning, the 5Ј and 3Ј ends of the genome have been proposed to interact during viral RNA replication so that the 3Ј-end sequence can affect the initiation of RNA synthesis (20) . Similar observations have also been made for the regulation of MHV subgenomic mRNA transcription (28) . Typically, the regulatory sequence for the synthesis of a particular RNA strand resides on the complementary (template) strand; i.e., the signal for synthesizing the positive strand resides on the negative strand, and vice versa. However, the regulatory signals may also reside on the same strand. For example, in brome mosaic virus (BMV) and poliovirus, cis elements that affect synthesis of the positivestrand RNA are mapped to the 5Ј end of the positive-strand RNA (2, 9, 40) . Presumably this is due to the possibility that double-stranded replicative-form RNA is used as the template for positive-strand RNA synthesis. Thus, RNA synthesis may be regulated by 5Ј-3Ј-end interaction of both RNA strands.
Although 5Ј-3Ј-end interactions of MHV RNA have been suggested from functional studies (28) , no apparent sequence complementarity exists between these two regions. Therefore, interaction between the 5Ј and 3Ј ends likely involves protein factors from either the host or the virus. Indeed, several host cell proteins have previously been found to bind to the transcription-and replication-regulatory regions of MHV RNA; these include heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1), binding to the minus-strand leader and minusstrand intergenic sequences (26, 53) , and polypyrimidine tractbinding protein (PTB), binding to the positive-strand leader (25) and the complementary strand of the 3Ј-UTR (c3Ј-UTR) (11) . Interestingly, the two regions that bind PTB are both 5Ј ends of the positive-and negative-strand RNA, respectively. Another noticeable feature is that at the leader region, PTB and hnRNP A1 bind to the same stretch of nucleotides on opposite strands, which contains several UCUAA repeats (25, 26) . Deletion of this UCUAA repeat sequence affects the binding of both hnRNP A1 and PTB to the leader region on opposite strands of the viral RNA (25, 26) . Furthermore, deletion of the UCUAA repeats severely impaired RNA replication (25) . The role of hnRNP A1 in MHV replication has recently been demonstrated by experiments showing that overexpression of hnRNP A1 facilitates MHV replication, whereas dominant-negative mutants of hnRNP A1 inhibit it (42) .
In this study, we investigated the interaction between another regulatory region of MHV RNA, the 3Ј-UTR, and host cell proteins. We identified one of the binding proteins as hnRNP A1. Thus, just as PTB binds to the 5Ј ends of both positive-and negative-strand RNA, hnRNP A1 binds to the 3Ј ends of both strands. Furthermore, the hnRNP A1-binding region is complementary to one of the PTB-binding sites on the opposite strand. The mutation of this region not only impaired transcription of subgenomic RNA (11) but also affected the replication of a DI RNA as well. We further showed that hnRNP A1 and PTB can mediate interaction between the 5Ј and 3Ј ends of MHV RNA in vitro. Our results suggest that the interaction between the 5Ј and 3Ј ends of both positive-and negative-strand RNA through RNA-protein and protein-protein interactions may provide a molecular mechanism to bring the 5Ј and 3Ј ends of the MHV genome together to form RNA transcription and replication complexes (20) .
MATERIALS AND METHODS
Viruses and cells. The plaque-cloned A59 strain (38) of MHV (MHV-A59) was used throughout this study. Viruses were propagated in DBT cells (a mouse astrocytoma cell line) (10) .
Plasmids and PCR primers. Sequences of the primers used in this study are listed in Table 1 . The templates used are cDNA clones of the MHV DI RNAs: 25CAT (27) , 25CAT⌬C (11) , and 25CATsubsC (11) .
In vitro transcription of PCR products. For synthesizing various DI RNA fragments, PCR products made by using synthetic primers containing the SP6 promoter were used as templates for in vitro transcription. Briefly, PCR products (0.5 g) amplified from DI cDNA plasmids were used in standard in vitro transcription reactions using SP6 RNA polymerase (Promega) according to the manufacturer's manual. [ 32 P]UTP was added in some experiments. All RNA products were treated with RQ1 RNase-free DNase (1 U) (Promega) and passed through G-25 minicolumns (Eppendorf) to remove the unincorporated nucleotides.
UV cross-linking assay. UV cross-linking assays were performed as previously described (7) . Briefly, partially purified recombinant glutathione S-transferase (GST) fusion proteins (1 g) or whole-cell extracts (30 g) were incubated with in vitro-transcribed 32 P-labeled RNA probes for 10 min at 30°C. The reaction mixtures were irradiated in a UV Stratalinker 2400 (Stratagene) for 10 min and then treated with RNase A (20 g) for 15 min at 37°C. The reaction products were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels.
Immunoprecipitation. DBT whole-cell extract that had been UV cross-linked to 32 P-labeled RNA was diluted with NETS buffer (50 mM Tris-HCl [pH 7.4], 5 mM EDTA, 1 mM dithiothreitol [DTT], 100 mM NaCl, 0.05% NP-40) to a final volume of 500 l and mixed with various antibodies. After incubation at room temperature for 1 h, the immunocomplexes were immobilized on protein ASepharose 4B beads (Pharmacia) for 30 min. Extensive washing of the beads (five to six times) was performed before protein sample loading buffer was added to the beads. The mixtures were boiled for 3 min and resolved by SDS-PAGE. The monoclonal anti-hnRNP A1 antibody was kindly provided by Gideon Dreyfuss, University of Pennsylvania. The monoclonal anti-Sam68 antibody was purchased from Calbiochem. The anti-U170K antibody was purchased from American Research Products, Inc. The anti-Hsp90 antibody was purchased from Stressgen.
RNP complex formation assay. The assay was modified according to the methods of Lamond and Sproat (23), Will et al. (49) , and Zhang et al. (52) . Briefly, biotin-labeled RNA, 32 P-labeled probe, and protein components were incubated in a reaction buffer containing 5 U of RNasin (Promega), 25 mM KCl, 5 mM HEPES (pH 7.6), 2 mM MgCl 2 , 0.1 mM EDTA, 0.2% glycerol, and 2 mM DTT at 30°C for 1 h. Then preblocked streptavidin-agarose beads (Sigma) were added to the reaction mixture and incubated at 4°C for another hour. The beads were then washed five to six times with a wash buffer containing 20 mM HEPES (pH 7.9), 200 mM KCl, and 0.5% NP-40. RNAs bound to the streptavidinagarose beads were eluted by a buffer consisting of 7 M urea, 350 mM NaCl, 10 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 1% SDS. RNAs were further extracted with phenol-chloroform and precipitated with ethanol in the presence of yeast tRNA. The RNAs were resolved on a 6% polyacrylamide gel containing 7 M urea.
DI RNA transcription and transfection. Plasmids 25CAT (27) , 25CAT⌬C (11), and 25CATsubsC (11) were linearized by restriction endonuclease XbaI (New England Biolabs) and transcribed to RNA with T7 RNA polymerase (Promega) according to the manufacturer's manual. The RNAs were transfected into MHV-A59-infected DBT cells by the DOTAP method (Roche). Briefly, DBT cells were infected by MHV-A59 at a multiplicity of infection of 10. After 1 h, the virus-infected cells were transfected with the in vitro-transcribed DI RNAs, using the DOTAP method according to the manufacturer's manual.
Northern blot assay. DBT cells were infected with MHV-A59, and virusinfected cells were collected at 7 h postinfection. Cells were washed in ice-cold phosphate-buffered saline and collected into centrifuge tubes. Cells were resuspended in NTE buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM EDTA) (200 l for each 60-mm-diameter culture dish) containing 0.5% NP-40, 0.5 mM DTT, and 400 RNasin (U/ml; Promega) and left on ice for 15 min. After centrifugation, the supernatant was extracted with phenol-chloroform and precipitated with 
RESULTS
hnRNP A1 binds to the MHV 3-UTR. As previously shown (11), a protein of approximately 35 to 38 kDa (p35/38) was cross-linked to a 32 P-labeled 350-nt RNA that contains the complete 3Ј-UTR of MHV RNA without a poly(A) tail, plus 48 nt from the 3Ј end of the open reading frame encoding the viral nucleocapsid protein. Binding of p35/38 to this RNA was confirmed in the present study, although the overall pattern of the bound cellular proteins was slightly different (Fig. 1A, lane  1) . Because the molecular weight of this protein is very similar to that of hnRNP A1, which has previously been shown to bind to the sequence complementary to the 5Ј end of MHV RNA (26), we first investigated whether this 3Ј-UTR-binding protein was hnRNP A1. To this end, we performed an immunoprecipitation assay. After the DBT whole-cell extracts were UV cross-linked to the 32 P-labeled 3Ј-UTR, various antibodies were added to the reaction mixture to precipitate the RNAprotein complex. Results in Fig. 1A showed that p35/38 was precipitated by a monoclonal antibody against hnRNP A1 (lane 2) but not by antibodies against U170K, Sam68, and Hsp90 (lanes 3 to 5). This result indicates that p35/38 is very likely hnRNP A1. Interestingly, the immunoprecipitation detected two protein species of similar molecular weights, which may represent hnRNP A1 isoforms or hnRNP A1-related species. Alternatively, they may represent degradation products of the same protein. To confirm the results of immunoprecipitation, GST fused to hnRNP A1 (GST-A1) was used in the UV cross-linking assay. Results in Fig. 1B show that recombinant GST-A1 (lane 2), but not GST (lane 1) can be UV cross-linked to the 3Ј-UTR. These results combined indicate that p35/38 is hnRNP A1.
The interaction between hnRNP A1 and the MHV 3-UTR is specific. A competition assay was performed to determine the specificity of the interaction between hnRNP A1 and the MHV 3Ј-UTR. 32 P-labeled 3Ј-UTR was UV cross-linked to GST-A1 in the presence of increasing molar excess amounts of cold homologous and heterologous competitors. Results in Fig. 2 showed that increasing amounts of the homologous competitor RNA (3Ј-UTR) reduced proportionally the binding of GST-A1 to the probe (lanes 1 to 4) . At 20-fold molar excess, the homologous RNA reduced the binding to the 32 P-labeled probe to almost 90% (lane 4). Significantly, the same molar excess of the cold negative-strand leader RNA reduced GST-A1 binding to the 3Ј-UTR to almost the same or even a slightly higher extent (lanes 5 to 8). This result is in agreement with the previous observation that the negative-strand leader RNA interacts with hnRNP A1 (26) . In contrast, neither the positivestrand leader (lanes 9 to 12) nor the unrelated RNA transcribed from pBluescript (lanes 13 to 16) reduced hnRNP A1 binding to the 3Ј-UTR. The results of the competition assays showed that the interaction between hnRNP A1 and MHV 3Ј-UTR is specific. Previous studies in our laboratory identified two PTB-binding sites on the c3Ј-UTR: a strong binding site at nt 53 to 149, and a weak binding site at nt 270 to 307 (11) . Comparison of the hnRNP A1-binding site on the 3Ј-UTR and the PTBbinding site on the c3Ј-UTR revealed that both the strong and weak hnRNP A1-binding sites and the corresponding PTBbinding sites are at the complementary sites of the opposite RNA strands. Further mapping within the strong PTB-binding site showed that two stretches of pyrimidine nucleotides at positions 77 to 82 (stretch A) and 132 to 136 (stretch C; AGAAG) from the 3Ј end of the c3Ј-UTR are important for PTB binding (11) . The latter (stretch C) is within the site complementary to the strong hnRNP A1-binding site on the 3Ј-UTR (nt 90 to 170). We thus examined whether nt 132 to 136 are also responsible for hnRNP A1 binding to the 3Ј-UTR. Two MHV 3Ј-UTR RNAs, with stretch C substituted by AGATT (subsC mutant) and deleted (⌬C), were used for UV cross-linking assays with GST-A1. Results in Fig. 4 show that the subsC and ⌬C mutations of 3Ј-UTR RNA reduced hnRNP A1 binding to 15.3 and 8.0%, respectively, of the wild-type RNA level. Previous studies had shown that the corresponding substitution and deletion mutations in the complementary strand (c3Ј-UTR) reduced PTB binding to 13.1 and 19.7%, respectively (11) . Therefore, there is a rough correlation between the extents of PTB binding to the c3Ј-UTR and those of hnRNP A1 binding to the 3Ј UTR. We conclude that within the strong hnRNP A1-and PTB-binding sites, hnRNP A1 and PTB bind to the complementary sequences on the positive and negative strands, respectively. hnRNP A1 and PTB mediate the 5-3-end interaction of both positive-and negative-strand RNA in vitro. The results shown above indicate that hnRNP A1 binds to the 3Ј-UTR, whereas a previous study showed that PTB binds to the MHV leader at the 5Ј-UTR (25) . Since hnRNP A1 and PTB have been shown to form parts of a spliceosome complex (3), we were interested in knowing whether the interaction between hnRNP A1 and PTB allows the MHV leader and 3Ј-UTR to form a complex. We used an in vitro RNP complex formation assay for this purpose. MHV leader RNA labeled with biotin and MHV 3Ј-UTR labeled with [ 32 P]UTP were incubated with GST-A1 or GST-PTB, separately or together, at 30°C; then streptavidin-agarose beads were added to pull down the biotinlabeled MHV leader.
32 P-labeled RNAs that complexed with the biotin-labeled RNA were eluted and examined by denaturing PAGE. Results in Fig. 5A showed that in the presence of both GST-A1 and GST-PTB (lane 5), the 32 P-labeled 3Ј-UTR was pulled down along with the biotin-labeled 5Ј-UTR, indicating a possible interaction between the MHV leader and MHV 3Ј-UTR through protein-RNA and protein-protein interactions. GST alone (lane 2), hnRNP A1 alone (lane 3), or PTB alone (lane 4) did not induce the formation of similar RNP complexes. In addition, biotin-labeled leader RNA by itself did not interact with 32 P-labeled 3Ј-UTR directly (lane 1). Finally, 32 P-labeled 3Ј-UTR did not bind to the streptavidinagarose beads directly (lane 6).
We performed a similar experiment using negative-strand RNA, since PTB and hnRNP A1 also bind to the 5Ј and 3Ј ends, respectively, of this RNA. Using biotin-labeled negative- strand leader and 32 P-labeled c3Ј-UTR, we showed that these two RNAs could form an RNP complex through hnRNP A1 and PTB (Fig. 5B, lane 5) . hnRNP A1 without PTB also induced a small amount of RNP complex (lane 3). This result is consistent with previous findings that a small amount of hnRNP A1 also binds to the c3Ј-UTR (8) and that hnRNP A1 can interact with itself (5). PTB alone (lane 4) or hnRNP A1 and PTB in the absence of biotin-labeled 5Ј-UTR RNA (lane 6) did not induce 5Ј-3Ј-end interaction. These results combined indicate that PTB and hnRNP A1 mediate specific interactions between the 5Ј and 3Ј ends of MHV RNA of both positive and negative strands. It should be noted that the poly(A) sequence was not included in the study of the positive-strand 5Ј-3Ј-end interaction and the poly(U) sequence was not included in the study of the negative-strand 5Ј-3Ј-end interaction. Therefore, these interactions did not involve the poly(A) sequence.
To confirm that the interaction between the MHV 5Ј leader and 3Ј-UTR is mediated through hnRNP A1, mutant 3Ј-UTR RNAs with deletion (⌬C); or substitution (subsC) of the hnRNP A1-binding site were used in the in vitro RNP complex formation assay. Results in Fig. 6 showed that the ⌬C (lane 3) and subsC (lane 4) mutants reduced the formation of the RNP complex between the 5Ј leader and the 3Ј-UTR to 31.6 and 39.3%, respectively, of the wild-type RNA level. These values were slightly higher than the corresponding extents of hnRNP A1 binding to these respective RNAs, probably because the RNA used in this assay also contains a weak hnRNP A1-binding site at nt 260 to 350 from the 3Ј end. (In contrast, the RNA used in the protein binding assay in Fig. 4 included only the strong hnRNP A1-binding site). These results suggest that the mutations that affected hnRNP A1 binding also affected the 5Ј-3Ј-end interactions.
We also used the DBT whole-cell extract in lieu of the recombinant GST-hnRNP A1 and GST-PTB in the RNP complex formation assay. The results showed that the cell extract also caused the formation of the MHV 5Ј-3Ј-end complex, although the nonspecific background of RNP complex formation was higher than when the recombinant proteins were used (data not shown). These data suggest that the endogenous cellular proteins could promote the 5Ј-3Ј-end interaction of MHV RNA, although we could not establish that this interaction was mediated by hnRNP A1 and PTB in the cells.
Mutations that affect hnRNP A1 binding to the 3-UTR affects replication of a DI RNA. Previous results have shown that ⌬C and subsC mutations on the 3Ј-UTR can affect the subgenomic mRNA transcription from an inserted intergenic (IG) sequence in the DI construct 25CAT RNA (11) . In this study, we further investigated whether the same mutations also affect the replication efficiency of the same DI construct. 25CAT wild-type RNA and 25CAT-based DI RNAs with deletion (⌬C) or substitution (subsC) of the hnRNP A1-binding site were transfected into A59-infected DBT cells. Supernatant was collected at 16 h postinfection and used to infect DBT cells. At 7 h postinfection, virus-infected cells were collected and cytoplasmic RNAs were extracted for Northern blot analysis using a probe that detects all viral RNA species. Results in Fig. 7A showed that the DI RNAs with the ⌬C (lane 2) and subsC (lane 3) mutation were almost undetectable. To confirm this result, we performed another Northern blot analysis using a probe complementary to the sequence downstream of the leader RNA that detects only the genomic and DI RNAs. Results in Fig. 7B show that these two mutations severely affected the ability of DI RNA to replicate. This result is consistent with the previous report that deletion of nt 129 to 139 from the 3Ј-UTR of the DI RNA of MHV-JHM strain inhibited replication of the RNA (31) . These studies combined suggest that the hnRNP A1-and PTB-binding sites in the 3Ј-UTR are important for MHV DI RNA replication. 
DISCUSSION
The 5Ј and 3Ј ends of viral RNA are important for viral RNA replication. One obvious reason is that these end sequences provide the signals for initiation of synthesis of the respective complementary strands. For example, the 3Ј end of a positive-strand RNA regulates the synthesis of the negative strand, and the 5Ј-end sequence regulates the synthesis of the positive strand. However, an increasing body of evidence has shown that the 3Ј-end sequence of a positive-strand RNA may also be involved in the regulation of positive-strand RNA synthesis. For example, the 3Ј-UTR sequences are important in regulating positive-strand RNA synthesis of BMV (19) and synthesis of satellite RNA C associated with turnip crinkle virus (8) and MHV (28, 29) . In order for the 3Ј-end sequence to influence synthesis of its own RNA, which starts from the 5Ј end, it needs to interact with the 5Ј end of RNA. Indeed, the 5Ј-3Ј-end interactions of viral RNA have been shown to be necessary for viral RNA synthesis of influenza virus (6, 32, 54) and vesicular stomatitis virus (14, 47, 48) . Long-distance interactions between well-separated RNA regions have also been reported for potato virus X (15, 16) . In these cases, there is sequence complementarity between the both ends of the RNA to allow direct RNA-RNA interactions. When sequence complementarity between the two ends of RNA is not sufficient to direct this 5Ј-3Ј interaction, protein factors may facilitate such interactions. Furthermore, the 5Ј-end sequence of a positive-strand RNA, as well as the complementary sequence on the negative strand, can affect positive-strand RNA synthesis, as shown for poliovirus and BMV (2, 19) . Thus, direct or indirect RNA-RNA interactions involving both ends of the template strand and product strand may be important for the regulation of viral RNA synthesis.
Recently, it has been shown that poly(A)-binding protein can interact with the bovine coronavirus 3Ј poly(A) sequence and that the poly(A) sequence is required for bovine coronavirus DI replication (44) . We have examined the possible contribution of the poly(A) tail to the 5Ј-3Ј-end interaction of MHV RNA in our RNP complex formation assay. Using an uncapped MHV 3Ј-UTR plus 23 poly(A) residues in the presence of DBT whole-cell extract, we found that the presence of a poly(A) sequence did not have a significant effect on RNP complex formation involving the uncapped 5Јand 3Ј ends of MHV RNA (data not shown). Thus, the binding of PTB and hnRNP A1 to the 3Ј-UTR is sufficient for the 5Ј-3Ј-end interaction. Poly(A)-binding protein likely also contributes to the potential interaction of the 5Ј and 3Ј ends of MHV RNA in vivo since it has been shown to interact with the translation initiation factor eIF4G, which in turn interacts with the capbinding protein eIF4E (45) to induce the looping of mRNA (46) .
In this report, we demonstrated that hnRNP A1 can specifically bind to the 3Ј-UTR of the MHV RNA. From this study combined with other three reports of host cell proteins that bind to the MHV RNA regulatory regions (11, 25, 26) , an interesting picture has emerged: for the MHV positive-strand RNA, PTB binds to the 5Ј end and hnRNP A1 binds to the 3Ј end. For the negative strand, the same pattern holds: PTB binds to the 5Ј end (i.e., the c3Ј-UTR) and hnRNP A1 binds to the 3Ј end (i.e., the minus-strand leader). Thus, the same two proteins (hnRNP A1 and PTB) bind to both ends of both positive-and negative-strand RNA. Interestingly, both ends of hepatitis A virus RNA also bind the same set of cellular proteins (18) . The 5Ј and 3Ј ends of MHV RNA have been suggested from functional studies to interact (20, 28) . Since there is no obvious sequence complementarity between the 5Ј and 3Ј ends, these interactions are probably mediated by the proteins that bind to the two regions. In this study, hnRNP A1 and PTB indeed were shown to mediate the formation of an RNP complex involving the both ends of MHV RNA. The 3Ј-UTR of MHV RNA has already been shown to be important in both MHV RNA replication and subgenomic mRNA transcription (17, 28, 29) . Our present study further showed that the binding sites of PTB and hnRNP A1 are the crucial elements for viral RNA synthesis. Previous reports have detected several host cell proteins that can interact with the 3Ј-UTR of MHV RNA (31, 50, 51) . Liu et al. found that among them, a 40-kDa protein bound to an 11-nt region at nt 154 to 129 from the 3Ј end of MHV RNA and that this site was important for MHV DI RNA replication (31) . This binding site coincides with the strong hnRNP A1-binding site reported in this study. Although this 40-kDa protein was not identified, results of the present study suggest that it is hnRNP A1.
It is interesting that hnRNP A1 and PTB bind to the precisely complementary sequences on opposite strands of MHV RNA. The hnRNP A1-binding site on the negative-strand leader RNA has previously been mapped to the complementary sequence of the UCUAA pentanucleotide repeats (26) , while the PTB-binding site on the positive-strand leader RNA has been mapped to the UCUAA repeats (25) . In this report, the PTB-and hnRNP A1-binding sites on the 3Ј UTR were hnRNP A1 BINDS TO 3Ј-UTR OF MHV RNA 5015 also mapped to complementary sequences, including a region of 5 nt (132 to 136 nt from the 3Ј end of the MHV genome) on the opposite strands. On the other hand, the PTB-and hnRNP A1-binding sequences at the 5Ј and 3Ј ends of the same strand are not complementary. Since the hnRNP A1-binding motif is not very stringent (1, 4) , this result is not surprising. Nevertheless, the finding that these two proteins bind to the complementary sites suggests that they may have cooperative activities. Indeed, hnRNP A1 and PTB are part of the spliceosome complex, which is involved in alternative RNA splicing (3), indicating that they can bring different splicing donor and acceptor RNA sites together. It is possible that when hnRNP A1 and PTB interact with each other, they can promote the annealing of long complementary strands. They may also promote reverse reactions to unwind the complementary strands. Indeed, we have previously shown that the binding of PTB altered the conformation of the c3Ј-UTR of MHV RNA (11) . hnRNP A1 has also been shown to promote both strand annealing and helix destabilizing (41) .
In the RNP complex formation assay for negative-strand RNA, there was a small degree of complex formation when hnRNP A1 alone was used (Fig. 5B, lane 3) . This is consistent with the finding that hnRNP A1 binds weakly to MHV c3Ј-UTR (11); the dimerization of hnRNP A1, which binds to both the 5Ј and 3Ј ends of the negative-strand RNA (26) , allows these two RNA elements to interact. However, the efficiency of RNP complex formation mediated by hnRNP A1 and PTB was clearly higher than that mediated by hnRNP A1 alone (comparing lanes 3 and 5 in Fig. 5B) .
Although the functional roles of hnRNP A1 binding to the MHV 3Ј-UTR in vivo were not directly demonstrated in this study, recent results in our laboratory did suggest the importance of hnRNP A1 in MHV replication (42) : expression of dominant-negative mutants of hnRNP A1 inhibited the replication of MHV, whereas overexpression of the wild-type hnRNP A1 enhanced MHV replication. Many cellular proteins have now been shown to bind to RNAs of various viruses (reviewed in reference 20) , and some of the host proteins have been shown to affect virus replication. For example, in a BMV replication system in yeast (13) , several host cell proteins were shown to be involved in the replication of BMV RNA (12) . Further understanding of the roles of hnRNP A1 and PTB will likely contribute to our knowledge of the mechanisms of viral RNA synthesis.
